Serious mutual coupling effect must be taken into account for the miniaturized adaptive antijamming antenna arrays in global navigation satellite system (GNSS) receivers. In this paper, the effect of mutual coupling on the performance of GNSS antenna arrays has been comprehensively discussed. The nulling performance of the GNSS antenna array in presence of mutual coupling is efficiently evaluated by the proposed embedded element pattern method, which is further verified by a simulated miniaturized fourelement GNSS antenna array in nonadaptive mode. In the space-time adaptive processing (STAP) array, a generalized wideband signal model based on the dispersion phenomenon is introduced to study the effect of mutual coupling on the optimal STAP array response, signal-to-interference-plus-noise ratio (SINR) loss, and the minimum mean square error (MMSE) of the Wiener filter. Employing the STAP normalized least mean square (NLMS) algorithm, the simulation results show that the mutual coupling leads to a decrease in convergence rate, an increase in misadjustment, and a loss of SINR, whether or not the compensation is considered.
I. INTRODUCTION
On some particular military airborne platforms, limited aperture determines the demand of the miniaturized adaptive anti-jamming antenna arrays in global navigation satellite system (GNSS) receivers [1] - [5] . Serious mutual coupling effect must be taken into account in this situation, which results in the deteriorations of array performance, such as the distorted pattern, the loss of signal-to-interference-plus-noise ratio (SINR), the mismatched steering vector, the degradation of nulling performance, and the decreasing convergence of the adaptive algorithm [6] - [10] .
Decoupling or calibrating antenna array has been studied extensively [6] - [11] . In these studies, there are many methods to analyze and compensate the effect of mutual coupling for the antenna arrays [6] , such as the open circuit voltage method, the S-parameter method, the full-wave
The associate editor coordinating the review of this manuscript and approving it for publication was Ahmet M. Elbir. (moment)method, and the receiving mutual impedance method (also known as the network analysis method in some applications) [12] - [14] . A mutual coupling matrix (MCM) or a mutual impedance matrix is usually defined in these methods to model the mutual coupling between antenna elements. The measured element port voltages or the analytical admittance matrices are usually utilized to compensate the effect of mutual coupling. But for most practical configurations, these matrices are difficult to be measured or investigated analytically [15] . A new data transformation approach was introduced to estimate the unknown mutual coupling coefficients in MCM [16] , which is applicable for a general array geometry. In that approach, direction-of-arrival (DOA) and mutual coupling coefficient estimation techniques were effectively jointed for 3-D array structures and finally achieved high estimation accuracy.
In order to evaluate the effect of mutual coupling on the nulling performance of GNSS antenna array efficiently, we propose an embedded element pattern method.
In this method, the embedded element pattern of an antenna element is obtained through simulation or measurement in the presence of all other elements, rather than the isolated element pattern that based on the MCM [17] , [18] . The proposed method combines the embedded element pattern dataset and the least square (LS) method to form the total beam pattern. A simulated miniaturized four-element uniform circularly array (UCA) for GNSS application is employed to verify the efficiency of this method. Using the proposed method, the simulation results indicate that the mutual coupling leads to the degradation of nulling performance at some known directions. Note that this method is not suitable to compensate the adaptive processing because of the practical unknown interferences and the huge memory store of array pattern dataset.
The effect of mutual coupling on the GNSS adaptive array processing is more complicated. In presence of mutual coupling, when the adaptive processing converges, the array eventually forms the beam pattern to maximize the mismatch signal, and null the interferences to get the minimum output power. Even though the inputs or the steering vectors can be properly compensated, the loss of output SINR is still inevitable [19] . The nulling positions are deviated in presence of mutual coupling, but almost the same minimum mean square error (MMSE) will be eventually achieved to the ideal case [20] .
The effect of mutual coupling on the space-time adaptive processing (STAP) array has been studied in [21] - [29] . In [22] , the authors derived some new analytical expressions to study the performance of STAP in presence of mutual coupling, in which the signal models were based on narrowband cases. In [23] , the interference and clutter correlation matrices in radar STAP were obtained by the mismatch steering vectors, and then the modified STAP algorithms were proposed based on the compensated array inputs. In that special application, the wideband signal or clutter was considered to be the superposition of multiple narrowband signals. But in a more general model of received wideband signal, a fixed phase shift through signal bandwidth between two antenna elements no longer holds. This is the dispersion phenomenon since the wideband signal exhibits different spatial characteristics at different frequency bins [24] . We use this generalized model to derive and analyze the effect of mutual coupling on STAP array. The received generalized wideband signal of the array in presence of mutual coupling is disturbed by a banded Toeplitz MCM, which disperses the eigenvalue distribution of the autocorrelation matrix and causes a mismatched steering vector. These results indicate that the mutual coupling can disturb the optimal STAP array response and decrease the convergence rate of STAP algorithms, and increase the misadjustment and SINR loss, whether or not the compensation is considered.
The mutual coupling not only affects beamforming of the antenna array, but also affects parameter estimation. In presence of mutual coupling, the DOA estimation accuracy comparatively degrades, the theoretical performance bound (CRB) deteriorates, and the performance of DOA estimation algorithm would not be satisfied ultimately [15] , [16] . But in GNSS application, the conventional adaptive anti-jamming antenna arrays only need to null the direction of unknown interferences, and minimize the output power. The GNSS signal power is lower than the noise (i.e. SNR<−20dB). Therefore, parameter estimation needs not be studied in this situation. But in some GNSS application, the angle information of the interference signal should be accurately estimated and broadcast. The parameter estimation of interference signals will be studied in future.
In the rest of this paper, we firstly introduce the proposed embedded element pattern method in Section II. Then through a simulated miniaturized four-element GNSS antenna array, we analyze the effect of mutual coupling on the nulling performance of the array in Section III. Next, in Section IV, the generalized STAP model for wideband interference cancellation is studied in depth in presence of mutual coupling. Based on this model, the optimal STAP array response, SINR loss and the MMSE of the Wiener filter are then derived. Section V presents corresponding simulations. Finally, a conclusion is drawn in Section VI.
II. EMBEDDED ELEMENT PATTERN METHOD
The conventional antenna analysis methods cannot directly reflect the effect of mutual coupling on the anti-jamming performance of GNSS arrays [6] - [19] . For the sake of aiding the antenna array design or evaluating nulling performance efficiently, an embedded element pattern method is proposed in this paper. In contrast to the isolated element pattern method which is based on MCM, the embedded element patterns are obtained through simulation or measurement in the presence of all other antenna elements. This is equivalent to consider all effects of mutual coupling.
In this method, suppose that the interference directions are known, the embedded element pattern datasets are plugged into the LS method, then the total beam pattern is directly obtained to null the interferences [17] , [18] , rather than the adaptive processing in presence of mutual coupling. This effective batch processing does not need to consider the online computation and adaptive convergence characteristics. Moreover, MCM which is not easily determined is not used.
The total array response of M -element array can be expressed as the linear combination of embedded element patterns with the coefficients w m . One element of the array is supposed to be the reference antenna which maintains the unit gain, and the other elements adjust the array factors or weights to form nulls in the directions (θ i , ϕ i ) of interferences, where θ i and ϕ i represent the elevation angle and the azimuth angle, respectively. The total pattern E total (θ i , ϕ i ) should satisfy the following constraint
where E m (θ i , ϕ i ) and w m denote the mth element radiation pattern and weight, respectively.
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complex conjugation. The embedded pattern of the mth antenna element in (1) can be expressed by
where
and E m (θ i , ϕ i ) denotes the embedded pattern in this direction, including element location, mutual coupling and other factors. R m (θ i , ϕ i ) and α m (θ i , ϕ i ) denote the amplitude and the phase variances with respect to the reference element caused by mutual coupling and other factors. E 0 m (θ i , ϕ i ) denotes the ideal isolated element pattern. The total pattern in (1) in direction of (θ i , ϕ i ) can be reformulated by the following vector form
where (·) H denotes conjugate transpose, and
Suppose there are P interferences exist, the linear system of equations can be obtained by
The LS solution of (6) is
Since the GNSS right-handed circularly polarized (RHCP) arrays inevitably contain the left-handed circularly polarized (LHCP) components, the total pattern is the superposition of RHCP components E R (θ i , ϕ i ) and LHCP components E L (θ i , ϕ i ). Thus we get two group of linear system of equations similar to (3)
which make up an (M − 1) × 2P dimensional linear system. It is generally known that an M -element antenna array can produce M − 1 distinct nulls at most. If P ≥ M /2, the LS system will be overdetermined. Thus the inaccurate solution of weight will deteriorates the nulling performance of the array. Since embedded element pattern datasets are more accessible than MCM. It suggests that this method can be used to evaluate the nulling performance more efficiently than the existing methods based on MCM. But note that this method is not suitable to compensate the adaptive processing because of the practical unknown interferences and the huge memory store of array pattern dataset. 
III. THE EFFECT OF MUTUAL COUPLING ON NULLING PERFORMANCE OF GNSS ANTENNA ARRAY
We use a simulated miniaturized four-element GNSS antenna array [2] shown in Fig. 1 to examine the method described in previous section. The Ansoft HFSS simulator is used to simulate and optimize the antenna array. The size of one element is 30mm×30mm×17.3mm, i.e. λ 0 /8 × λ 0 /8 at Beidou BDS B3 (1268.52MHz), where λ 0 is the freespace wavelength at the center frequency of the B3 band. Moreover, antenna elements are orthogonally configured at an identical center to center separation d = 95mm, i.e. 0.4λ 0 .
In order to reduce the effect of mutual coupling, two pieces of double-layer metamaterial absorber walls are symmetrically crossed in between the antenna elements. The doublelayer metamaterial absorber cell is implemented on two-layer FR-4 substrates (ε r = 4.9, tan δ = 0.025) with the same thickness 3.7 mm. Sandwiched in between them is a shared ground plane. The metamaterial absorber cells are periodically extended two dimensionally along both the x-and y-axes. The simulation resultants in [2] showed the similar RHCP radiation pattern when with and without metamaterial absorber walls, but higher CP purity was obtained when with the walls. The simulated beam patterns for evaluating the nulling performance with and without metamaterial absorber walls are shown in Fig. 2 . The green dot lines represent the interference directions. The comparison results are obtained by the embedded element pattern method. In Fig. 2(a) , suppose that there is only one interference from the direction of (θ i , ϕ i ) = (40 • , 60 • ). The results demonstrate that no matter the array with or without the absorber walls, the array can eventually form a deep null, hence it does not distinguish the effect of mutual coupling. This is because the exact solution can be obtained when solving the LS weights, that is to say, the degree of freedom is abundant. In Fig. 2(b) , three interferences are considered simultaneously. The elevation angle is fixed at θ i = 30
• and the azimuth angles are ϕ i = 40
• , 150 • , 265 • respectively. The results show that the null depth variances between them are 8dB, 10dB, and 3dB at the azimuth angles are ϕ i = 40
• , 150 • , 265 • respectively. It reveals that employing the metamaterial absorber walls as isolation technique, the total beam pattern can form the nulls along interference directions. However, the performance of nulling deteriorates significantly without the absorber. That means the embedded element pattern method can effectively evaluate the nulling performance of the GNSS array.
IV. THE EFFECT OF MUTUAL COUPLING ON THE PERFORMANCE OF STAP ARRAY
For the narrowband interferences, the STAP adaptive array has abundant degrees of freedom to eliminate the effect of mutual coupling. The nulling performance is unaffected, but the inevitable loss of output SINR exists [21] , [22] . We evaluate the effect of mutual coupling on the STAP GNSS array for wideband interferences cancellation, in which each element consists of a set of time delay lines (TDL) that make up a time window. We consider an M -element uniform linear array (ULA) for the sake of simplified derivation, but note that it can be extended for arbitrary array. In presence of mutual coupling, the original ideal received signal x is disturbed by MCM. The distorted can be modeled as
where x s denotes the desired signal, x i denotes the interference, n denotes the zero-mean Gaussian white noise, and C denotes the MCM. It is assumed that mutual coupling is attenuated to zero when the spacing between two elements is larger than K inter-element spacing. The MCM can be simplified as a banded symmetric Toeplitz matrix [30] 
The wideband signal model follows this MCM model in presence of mutual coupling.
A. STAP ARRAY WIDEBAND SIGNAL MODEL
In [21] and [22] , the wideband interference was modeled as clutter for radar signal processing application which was considered to be the superposition of multiple narrowband signals in presence of mutual coupling. But the more appropriate modeling of wideband signal is from an angular region caused by the dispersion phenomenon [24] - [31] , [32] , which indicates that wideband signals have different spatial characteristics at different frequency bins. Next, we will model the wideband signal based on this idea.
The normalized spatial steering vector at the frequency f can be expressed as
where ϕ s (k) = 2π fkd r sin θ/c denotes the phase variance of kth element to the reference, and d r is the separation between adjacent elements, θ is the incident angle with respect to the normal axis of array, and c is the speed of light. Assuming the spectral response of wideband signal is flat over the bandwidth B, where the frequency range satisfies f ∈ [f c −B/2, f c +B/2], and f c is the carrier center frequency. The correlation matrix of wideband signal can be calculated by the integration over the bandwidth
where σ 2 denotes the total power of the signal. The cross-correlation between the mth and nth array elements can be derived as (15) where τ = d sin θ/c and sinc(x) = sin(π x)/(π x). The first part of R wb m,n is the corresponding item of the narrowband correlation matrix
The second part represents the dispersion matrix
Thus, the wideband correlation matrix can be represented by
where denotes the Hadamard product. In the STAP, the normalized temporal frequency steering vector can be expressed as 
where ⊗ denotes the Kronecker product. The frequency in spatial steering vector can be decomposed as f = f c +f b . Then the correlation matrix of STAP input signal can be expressed by the integration of baseband frequency
The cross-correlation between the pth delay of the mth element and the qth delay of the nth element can be derived as
Therefore, the STAP wideband correlation matrix can be expressed as
where 1 L denotes the L dimensional matrix of all ones, and R st d denotes the spatial temporal dispersion matrix
In presence of the mutual coupling, suppose that the MCM is independent with frequency over the bandwidth [31] , the STAP steering vector can be expressed as (25) where I L is the L dimensional unit diagonal matrix. The STAP correlation matrix can be calculated by the following integration
where C st = I L ⊗ C. Obviously, this banded Toeplitz MCM changes the eigenvalue distribution of the STAP correlation matrix. This result will be verified through simulations in next section.
If the condition of the assumption of MCM frequencyindependent is not hold, it means that the response to the MCM is different at different frequency bins. The MCM can be expressed as
where T(f ) is the frequency response matrix, which is generally full rank. It will change the eigenvalues and eigenvectors of the STAP correlation matrix and may increase the effective rank of the colored-noise subspace. This increased effective rank, in turn, will often result in a widening of the angle-frequency nulls. The directionality of antenna in array will actually affect the mutual coupling matrix. Thus the MCM will also be direction-dependent. The eigenvalue distribution of the STAP correlation matrix in presence of mutual coupling should be depended on both direction-dependent MCMs of signal and interference. Generally, the interference power in the input signal is greater than the signal power. Thus the directiondependent interference correlation matrix of STAP is the principal component.
B. THE PERFORMANCE OF STAP ARRAY IN PRESENCE OF MUTUAL COUPLING
The STAP minimum variance distortionless response (MVDR) beamformer is an import statistical optimal solution which constraints the incident angle and frequency responses in bandwidth of the desired signal, while minimizing the output power. Ideally, the optimum STAP weight of MVDR filter can be expressed as
where R st i+n is the STAP correlation matrix of interferences plus noises, and v st (θ 0 , f ) is the constrained STAP steering vector of the desired signal. The optimal STAP array response can be denoted by the inner product
In presence of mutual coupling, if the MVDR filter keep the maximal gain to the mismatch direction, and the interference-to-noise ratio INR 1, then the optimum weight can be approximated by
The corresponding array response is
It is proved that, in presence of mutual coupling, the array responses of STAP are the same to the ideal assumption, which can still effectively form nulls to the wideband interferences, but note that mutual coupling changes the maximal gain direction to the mismatch signal. Let d be the reference signal. The MMSE of Wiener filter can be derived by
where σ 2 d represents the power of reference signal, R x , R x , r xd and r x d represent the autocorrelation matrices and crosscorrelation vectors in presence of mutual coupling or not, respectively. Therefore, regardless of whether mutual coupling is considered or not, adaptive processing based on Wiener filter can eventually achieve the same MMSE. But the larger eigenvalue spread of STAP correlation matrix R st i+n , the longer it takes for the adaptive algorithm to converge, and the higher level of misadjustment in steady state.
The output SINR of optimum filter [23] can be expressed as
where σ 2 s is the power of desired signal. Since the SINR loss is significant when the angle between interference and signal is close, it is satisfied to evaluate SINR loss at angles away from the interference in presence of mutual coupling. If the mutual coupling is known a priori, the array input can be compensated by the MCM. In [33] , the SINR loss after compensation is derived in space only processer (SOP). We use the results to get the generalized conclusions in STAP.
The loss of SINR to the optimum filter in ideal case at angles away from the interference can be approximated by
It shows that the loss of SINR still cannot be avoided after compensation in STAP in presence of mutual coupling. 
V. SIMULATION OF THE MUTUAL COUPLING EFFECT ON THE STAP ARRAY
To investigate the effect of mutual coupling on the STAP array, a four element ULA working on B3 band and separated by half a wavelength is considered. The baseband sample frequency is f s = 62MHz. Two wideband interferences are from −50 • and 30 • , with the bandwidth B = 20.46MHz, and the interference-to-noise ratio INR = 40dB. We take the typical GNSS SNR = −20dB. Suppose that serious mutual coupling exists, K = 4, then the mutual coupling can be expressed as C = Toeplitz {1, 0.5e −jπ/3 , 0.25e −jπ/6 , 0.1e jπ /3 }. The number of TDLs in STAP is L = 16. All simulation results are based on 100 Monte Carlo trials. Fig. 3 shows the eigenvalue distributions of the various interferences. It can be found that there are exactly two large eigenvalues of narrowband correlation matrix in ideal case, while the remaining eigenvalues are often referred to noises. On the other hand, the eigenvalue distributions of the wideband interferences in ideal case decrease gradually. If we assume the effective interference eigenvalue threshold is 3dB, then the number of effective eigenvalues is about 23. But in presence of mutual coupling the number of effective eigenvalue of wideband correlation matrix is increased to 59. Obviously, the increased effective eigenvalues consumed more degrees of freedom in STAP in presence of mutual coupling.
Next, the STAP normalized least mean square (NLMS) algorithm is employed to illustrate the effect of mutual coupling on the STAP algorithm. Fig. 4 shows the STAP NLMS learning curves with the normalized step factor µ = 0.2. It can be seen that the mean square error (MSE) in ideal case is converged at the iteration number 400, the misadjustment in steady state is about 2dB, and the MMSE is about -37dB. In presence of mutual coupling, the MSE is converged at the iteration number 2800, the misadjustment in steady state is about 4dB, and the MMSE is about -35dB. We conclude that the serious mutual coupling decreases the convergence rate, increases the misadjustment, and reduces the MMSE level. Fig. 5 shows the SINR losses of STAP and SOP when in ideal case and mutual coupling case. Ideally, in the STAP, round the notches of interferences, the angle region of serious deterioration of SINR is smaller than in the SOP. When away from the interference angles, the SINR loss of STAP is less than the SOP. In presence of mutual coupling, after compensation of the weights, although there are still some losses in STAP to the ideal case, but the performance is much better than the SOP array. It is demonstrated that the STAP array improves the output SINR whether with or without the mutual coupling.
VI. CONCLUSION
This paper focused on the effect of mutual coupling on the performance of GNSS antenna arrays. The proposed novel embedded element pattern method can efficiently evaluate the nulling performance of a simulated miniaturized GNSS array rather than the existing isolated element pattern method based on MCM. Based on the generalized wideband signal modeling, the authors studied in detail the effect of mutual coupling on the performance of STAP array. The simulation results demonstrated that, the mutual coupling would lead to a decrease in convergence rate, an increase in misadjustment, and a loss of SINR, whether or not the compensation is considered. Therefore, optimizing antenna array design is the fundamental method to improve the array performance.
